flow have occurred in species with a novel trait. Watrud et al. (2004) found that creeping bentgrass (Agrostis stolonifera L.) containing a transgenic trait for herbicide resistance outcrossed with nontransgenic grass and resulted in transgenic hybrids as far as 21 km away from the transgenic source. Rieger et al. (2002) also quantified landscape level movement of transgenic herbicide resistance genes in canola (Brassica napus L.) to other nearby canola fields.
Sorghum bicolor includes three subspecies, bicolor, verticilliflorum, and drummondii (Wiersema and Dahlberg, 2007) . Grain sorghum belongs to the subspecies bicolor (Sorghum bicolor subsp. bicolor). Sorghum bicolor subsp. verticilliflorum (Steud.) de Wet ex Wiersema & J. Dahlb. is generally thought to be a wild progenitor of cultivated sorghum. Sorghum bicolor nothosubsp. drummondii includes sudangrass, which is cultivated for forage, and shattercane, a feral, de-domesticated sorghum with many similarities to sudangrass and grain sorghum (Defelice, 2006) . Grain sorghum and shattercane are both diploid (2n = 20) and self-compatible as well as sexually compatible with each other and pollinated by wind and can produce hybrid offspring (Pedersen et al., 1998; Sahoo et al., 2011) . With wind-pollinated species, wind direction and strength has an impact on hybridization, particularly at distance (Bannert and Stamp, 2007; Song et al., 2003; Okubo and Levin, 1989) . Shattercane is a problematic weed in corn (Zea mays L.), sorghum, and soybean fields in the southern and central United States and can cause 85% losses in yield and loss in quality due to seed contamination (ICRISAT, 2002; Hans and Johnson, 2002; Horak and Moshier, 1994) .
There is considerable interest in developing sorghums that contain novel traits to improve grain quality, increase pest resistance, or confer resistance to herbicides. This can be accomplished through gene discovery in existing collections, induced mutations, or using transgenic technologies. For example, there are current efforts to improve the nutritional quality of grain sorghum using transgenic technologies (Grand Challenges in Global Health, 2003) . In addition, grain sorghum varieties that are resistant to herbicides (primarily nicosulfuron [2-[(4,6-dimethoxypyrimidin-2-ylcarbamoyl) sulfamoyl]-N,N-dimethylnicotinamide] and rimsulfuron [1-(4,6-dimethoxypyrimidin-2-yl)-3-(3-ethylsulfonyl-2-pyridylsulfonyl)urea]) are expected to be deployed commercially as early as 2014. These traits were attained through traditional breeding by crossing weedy sorghum with resistance to acetolactate synthesis inhibitor herbicides discovered in farmers' fields with cultivated sorghum varieties (Rupp et al., 2009; Tesso et al., 2011; Tuinstra and Al-khatib, 2009 , 2010 . Sahoo et al. (2011) found that the fitness of the F 1 shattercane × sorghum hybrid with no novel traits had similar or improved fitness compared to the parents, indicating that introduced alleles conferring neutral or improved fitness would likely be maintained in subsequent populations.
Grain sorghum has been shown to outcross (crosspollinate) at a rate of 10 to 15% with other grain sorghum when planted side by side. Pollination by wind was observed at a frequency of 0.06% at a distance of 158 m from a pollen source (Ellstrand and Foster, 1983; Schmidt and Bothma, 2006) . Sudangrass (2n = 20) outcrosses with other sudangrass at a much higher rate (20-61%) than grain sorghum, possibly because sudangrass has a more open and branching panicle than grain sorghum (Pedersen et al., 1998) . Shattercane panicles are morphologically more similar to those of sudangrass panicles than grain sorghum. Therefore, we hypothesized that the rate of hybridization between grain sorghum and shattercane is closer to that reported for sudangrass. The object of this research was to determine the rate of shattercane × grain sorghum hybridization for synchronously flowering populations as it occurred in quasirealistic field conditions. We expected that rate of hybridization would decline with distance from the source population and that wind speed and direction will influence the rate of hybridization, especially at greater distances from the source.
MATERIALS AND METHODS

Plant Materials
Hybridization was quantified using a dominant phenotypic marker gene conferring a white (dry) (DD) midrib. The sorghum used for the pollen source was a mixture of three separate sister lines with Tx623 (a common elite inbred sorghum line) background, all homozygous for the white midrib gene. Three lines were used because of limited availability of seed and because the lines differed slightly in the time to flowering and the inclusion of all three was thought to increase the possibility of synchronous flowering with shattercane. The shattercane line used was developed from a naturally occurring shattercane population collected near Lincoln, NE. Individuals from that population were selfed for six generations and selected for the recessive phenotype (dd) conferring a juicy midrib, which appears green in color. The phenotype for the midrib locus is controlled by simple Mendelian genetics where the heterozygote occurring when the two lines are crossed (Dd) also confers the phenotype for the dominant white midrib (Pedersen et al., 1998) . Figure 1 shows the two phenotypes. The experiment consisted of a population of grain sorghum as the pollen source and individual shattercane plants planted in groups along concentric arcs at varying distances from the source population. The experiment was set up such that prevailing southerly winds would carry pollen from the grain sorghum to receptive shattercane panicles. The entire experiment was isolated from any other sorghum by at least 600 m in any direction to prevent contamination from outside sources. and 367 in 2009 that flowered in synchrony with the source (Table  1 lists the number of panicles at each distance). Shattercane panicles for each flowering period were tracked and an approximate end date for each flowering period was determined. This varied from 3 to 11 d. The source continued to flower throughout all shattercane flowering periods.
Hybridization Study
Marked shattercane panicles were allowed to mature until they were close to shattering and then covered with pollination bags and stapled tightly near the base of the panicle to prevent any seeds that shattered from being lost. Mature shattercane panicles were harvested by clipping the stem below the bag and retaining the bagged panicle. Seeds from each panicle were threshed by hand and 720 seeds from each panicle were counted and separated into six envelopes containing 120 seeds each. These six replicates were planted in 7.62-m rows spaced 0.76 m apart using a cone planter on 15 June 2009 for the 2008 experiment and 25 June 2010 for the 2009 experiment. Panicles from each hill and flowering period were randomized within a replicate and plants in each 7.62-m row were counted and scored for the white midrib trait. For each panicle, total number of offspring and total number conferring the white midrib were determined by summing across replicates. Of the 720 seeds planted from each panicle, the mean number that emerged and grew large enough to score for the white midrib trait was 417 (SE ± 5.3) in 2008 and 378 (±3.7) in 2009. Rate of hybridization was determined by dividing the number of plants with the white midrib trait by the total number present.
Meteorological Data
Wind direction, speed, and other weather conditions were measured and hourly averages were recorded using a weather station
The pollen source of grain sorghum was planted using a six-row planter in a 50 m radius half circle area. Soil type was Kennebec silt loam in 2008 and Crete silt loam in 2009. Rows were spaced 0.76 m apart and planted to a target density of 18 plants m -2 resulting in approximately 70,200 sorghum plants within the source population. Urea (CO(NH 2 ) 2 ) fertilizer was applied to obtain a target yield of 5.6 Mg ha -1 using university recommendations (Wortmann et al., 2013) . Weeds were controlled using a preemergent application of atrazine (1-chloro-3-ethylamino-5-isopropylamino-2,4,6-triazine) at 1.68 kg ha -1 and by hand weeding. The source was planted on 3 July 2008 and 10 June 2009. The late planting date in 2008 was due to high rainfall in June that led to flooding in the field where the experiment was located. The stand of sorghum was less uniform and showed evidence of N stress in some spots in 2008, presumably because of the late planting date, which likely led to a decrease in the size of the root system, and leaching and denitrification from standing water that occurred before planting.
Shattercane seeds were sown in small groups (hills) of five seeds along concentric arcs spaced 1, 3, 5, 10, 20, 40, 60, 100, and 200 m from the edge of the sorghum source population. The hills were spaced 7 m apart from one another along the 100 and 200 m arcs and 5 m apart along all other arcs. Ten hills were also placed randomly within the source. The area around the source and where the hills were located as well as the area surrounding the experiment was planted to soybeans. The arcs encompassed 90 degrees of a circle and were centered directly north of the source population. To increase the chance of synchronous flowering between at least one shattercane plant for each hill and the source population, two shattercane seeds were sown approximately 30 cm apart from one another on the day the sorghum source was planted and at 3 and 6 d after source population planting. A 1.5-m radius around each hill was kept weed and soybean free by hand weeding to minimize the effect of interspecific interference on shattercane flowering and to encourage the shattercane to tiller and produce more panicles. A 2-m alley was cut along the outer edge of the shattercane hills at the arcs spaced at 20 m and greater to facilitate access to the hills. The alley was cut before pollination but on the northern side of the hills about 5 m downwind from the shattercane so as to not interfere with the airborne pollen's northerly movement. Figure 2 shows an aerial photo of the experiment in 2009 with shattercane hills denoted.
Sampling Strategy
The source population was monitored to determine when flowering began. Sorghum flowering was considered to be underway when approximately 50% of the sorghum panicles within the source population were beginning to shed pollen. This occurred on 31 Aug. 2008 and 22 July 2009. On these dates, each shattercane hill was checked to determine if there was a shattercane panicle that was also beginning to flower. Panicles that were starting to pollinate were marked by attaching colored surveyors tape to the culms just below the panicle. Since not all shattercane had begun to pollinate, the hills were checked again several days later and if new shattercane panicles were beginning to pollinate, they were marked with a different color tape and were tracked separately as a new "flowering period." This was done three times in 2008 (31 August, 3 September, and 9 September) and twice in 2009 (22 July and 24 July). There were a total of 307 shattercane panicles in 2008 placed within the source population. To determine the effect of wind direction and speed on hybridization, a wind value (wind run) was assigned to each hill for each flowering period. Wind run was determined by multiplying the average wind speed from 0700 to 1500 h in each of the primary 16 wind directions (N, NNE, NE, ENE, E, etc.) by the proportion of the time in which the wind blew in that direction for each flowering period. To determine which hills would be in the path of pollen blowing in each direction, artificial lines were drawn from both edges of the source and parallel to each wind direction. The entire experiment was given a 1-m x, y coordinate grid where the origin (0, 0) was the midpoint of the southernmost edge of the source. Therefore, the most northerly point of the source was located at (0, 50) and the most northerly point of the farthest arc was at (0, 250). For each wind direction, two linear equations were derived representing a tangent from the edge of the source and extending in the direction of the specified wind direction. These equations created a 50 m wide path for each wind direction that started at the source and continued to the end of the last arc. To determine which hills would be included in each of the paths for each wind direction, we determined if the x, y coordinate of each hill fell within the 50 m path for that The relationship between frequency of hybridization and distance from the edge of the source was compared among flowering periods by fitting a curve to the data from each period independently and comparing the confidence intervals for a and b. Table 2 shows the parameter estimates for each of the flowering periods. For the second flowering period of 2008, the data did not appear to fit the curve well because the confidence intervals for a and b included 0. This was perhaps because of the low number of observations in that period (39 panicles) compared to over 100 in all other periods. Figures 5 and 6 show the relationship between frequency of outcrossing and distance for all marking periods in 2008 and 2009. This empirical negative exponential model includes distance as the only predictive factor, and while the model is frequently used in the literature, other factors such as wind might influence hybridization frequency (Hanson et al., 2005; Song et al., 2003; Okubo and Levin, 1989; Bannert and Stamp, 2007) . Table 3 shows the results of the ANOVA using a multiple regression model, including both log(distance) and wind run (speed × proportion) to determine if they had an effect on frequency of hybridization. Distance is regressed here in a logarithmic fashion and wind run is also included to determine its impact; there was a significant log(distance) × wind run interaction for all flowering periods except the third period in 2008, indicating that wind speed and direction as well as distance from the pollen source have an impact on the rate of hybridization. The interaction between the two variables suggests that the importance of wind speed and direction varies with distance from the pollen source. Results indicate that wind speed and direction is more important for pollination at greater distances than for those shattercane plants growing just outside the pollen source. The importance of wind in cross-pollination can also be seen in Fig. 3 and 4 , which show the wind trends as well as the hybridization results for each flowering period. The effect of wind is most evident in the 100 and 200 m arcs where hybridization wind direction. Then, for each hill, the wind run was summed for all paths that included the hill and a wind run value was given to each hill for each flowering period. Plants at greater distances from the source were included in fewer directional paths than those at closer distances. This approach attempts to address the issue of a relatively small source population by only including the shattercane that were in the direct, linear path of the pollen cloud.
Data Analysis
An empirical model of pollen-mediated gene flow from sorghum to shattercane was obtained by regressing the frequency of hybridization on distance from the source population using the negative exponential model: frequency of hybridization = a × exp [-b(distance) ] using the NLIN procedure in SAS 9.2 (SAS Institute, 2009). To assess the relative importance of wind speed and direction on rate of hybridization over distance, we included distance, wind run, and their interaction in an ANOVA using the GLM procedure in SAS 9.2. For these analyses, shattercane plants within the source population were assigned a distance value of 0.5 m since they were planted in the middle of the 0.76 m rows and were taller than the sorghum, which added additional separation. Each flowering period and year was analyzed separately.
RESULTS AND DISCUSSION
Hybridization was greater in 2009 than 2008 for all distances and flowering periods evaluated (Table 1) Fig. 3 and 4) , which may have resulted in pollen being carried to greater distances.
For all flowering periods in both years, rate of hybridization declined exponentially as distance from the source increased. Table 1 shows the mean rate of hybridization at each distance for all flowering periods combined in each year as well as the maximum hybridization rate observed for an individual shattercane panicle, the total number of panicles found to be in flower at that distance, and the number evaluated that had at least one hybridized offspring. For both years there were panicles at all distances that contained hybridized offspring. Halsey et al. (2005) suggested that the size and relative pollen production of the pollen source are very important when evaluating pollen-mediated gene flow because it determines potential pollen density. Our 0.39-ha source population was large but not nearly as large as would be found in production-scale fields. Pollen density would be considerably greater in a larger field, which may result in a greater rate of hybridization. Furthermore, the likelihood of hybridization will be most sensitive to large variations in source size and shape at greater distances from the source. In our experiment, hills 200 m from the source were less likely to be in the path of the pollen cloud for multiple wind directions than those within 20 m of the source. Including wind speed and direction in the analysis helps to correct for the effect of the smaller source population size by only including those shattercane hills in the direct path of the wind.
Our results indicate that when planted side by side, shattercane × sorghum hybridization is more similar to sorghum hybridization (10-15%) than sudangrass hybridization (20%) (Pedersen et al., 1998; Ellstrand and Foster, 1983; Schmidt and Bothma, 2006) . The greater frequency of hybridization in 2009 might also be attributed to increased wind in 2009, suggesting that increased wind affects hybridization when planted side by side by disturbing and separating more pollen grains from the source plant, not just by carrying the pollen to a greater distance. Shattercane × sorghum hybridization can occur at distances of at least 200 m from the source, even with the limitation of a relatively small source size. Actual maximum distance for hybridization is determined by pollen density, pollen survival in the atmosphere, wind speed, and aerodynamic properties of the pollen grain (Aylor et al., 2003) . Assuming no variation in sorghum pollen density, survival, or aerodynamic properties among marking periods, our results imply that wind speed and direction have an important influence on rate of hybridization. These results could be incorporated into more mechanistic models of pollen-mediated gene flow if additional information was available on pollen biology in the sorghum species. Whereas this research provides insight into an important aspect of pollen-mediated gene flow, it does not provide an estimate of a population level introgression rate. The fitness of the subsequent hybrids as well as the amount of flowering synchrony will also affect gene introgression. While Sahoo et al. (2011) found the fitness of the F 1 hybrid to be similar to or greater than the shattercane parent, the fitness of subsequent generations has not been determined. Our results were obtained for sorghum and shattercane plants flowering in synchrony. It is not clear how frequently cultivated and weedy sorghums would flower in synchrony in natural populations under various sorghum management scenarios (e. g. different maturity groups, planting dates, tillage practices). Further research on the synchrony of flowering in weedy populations of shattercane and cultivated sorghum would also help to more accurately predict gene introduction rate from sorghum to shattercane populations. 
